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Abstract

A transient Fe absorption edge during the prompt phase of a GRB has
recently been observed for the first time. This has been interpreted as evi-
dence for photoionization of the GRB environment by the burst radiation,
which allows diagnostics of the density structure and element abundances
in the vicinity of the burst. Assuming that the observed absorption fea-
ture is caused by photoelectric absorption, we model the time-dependent
photoionization and X-ray radiation transport, and deduce constraints on
the size and matter distribution of the photoionized region responsible for
the absorption edge. If the density of the region is < 10'® ¢cm™3, then
we find that the intervening material would have to contain ~ 44 ) M of
iron within ~ 1.3 pc of the burst source, assuming the measured best-fit
~ T5-fold overabundance of iron. Alternatively, and more plausibly, the
observed absorption feature could be caused by photoelectric absorption in
dense clouds of radius r. < 10'? cm at ~ 10'7 cm from the burst source,
containing < 0.7Q M. of iron. In such an environment, recombination
would compete with photoionization, until the clouds are effectively heated
to the Compton equilibrium temperature of the ionizing GRB continuum.
We also briefly discuss the recent suggestion that the absorption feature
may be due to resonant scattering by Fe XXVI in a highly ionized, clumpy
high-velocity outflow.
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1) Introduction

Recently, Amati et al. (2000) have reported the detection of a tran-
sient, redshifted Fe K edge in the prompt X-ray emission from GRB 990705.
This is the second time (after GRB 980329; Frontera et al. 2000) that X-
ray spectroscopy during the prompt phase of a GRB revealed evidence for
excess absorption above the Galactic hydrogen column, and the first time
that evidence for a time-dependence of such absorption has been found. The
transient nature of the absorption feature has been interpreted as unmis-
takable evidence for photoionization of the absorber by the prompt burst
emission (Amati et al. 2000, Bottcher et al. 2001). The corresponding
time-dependent photoionization and radiation transfer problem had been
simulated before by Bottcher et al. (1999) who predicted that excess ab-
sorption features are either transient on time scales of < 1 minute, or do
not change appreciably as the burst evolves, depending primarily on the
average distance of the absorbing material from the GRB source.

In this paper, we review the results of detailed modeling of the time-
dependent photoionization and radiation transfer problem in quasi-isotropic,
intermediate-density media obtained in B&ttcher et al. (2001) and in small,
dense clumps in which photoionization is balanced by rapid recombination.
We also discuss the possibility that the absorption feature is a blue-shifted
resonance scattering feature in an inhomogeneous high-velocity outflow, as
recently suggested by Lazzati et al. (2001). The implications of these results
for GRB progenitor models will be discussed briefly.
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2) Model representation of the GRB emission

The prompt burst emission from GRB 990705 can be reasonably well
represented by a FRED-type single-pulse burst if one neglects the sub-
second-scale variability, which is irrelevant for the photoionization problem
which we are modeling in this paper. We can thus describe the GRB spectral
evolution by the parametrization of Dermer et al. (1999), based on the
external shock model for GRBs. GRB 990705 had a ~-ray duration of
tqg ~ 40 s and a 2 — 700 keV fluence of (9.3 £ 0.2) x 107> erg cm™2. At
a redshift of » = 0.86, as determined from the transient Fe absorption
edge, this corresponds to an isotropic energy output in X- and ~-rays of
Ex. ~ 2.2x10° ergs. During the early phase of the GRB, the 2 — 700 keV
continuum was consistent with a power-law of photon index , =~ 1.1 (i.e.
v F, spectral index v = 0.9). No evidence for a high-energy spectral break
or turnover in the early 2 — 700 keV spectrum was found, implying that
the v F, peak energy is beyond 700 keV. For our modeling, we assume
0 = Epx/(mec?) = 1.5. All the above observables can be reproduced in the
framework of the Dermer et al. (1999) parametrization using the following
parameters:

Ey =104 erg

Lo =440, /®
v=20.9
d=20.5
g=138
g=25-10"3
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3) Photoelectric absorption in an
intermediate-density homogeneous shell

The most straightforward interpretation of the transient absorption
feature would be photoelectric absorption in a homogeneous cloud or an
isotropic shell of intermediate density, in which recombination is slow com-
pared to photoionization. In this case, we model the absorbing material as
a uniform shell with inner radius ry,, density ng, [cm™2], and radial column
density Nz, which also determines the thickness of the shell. The element
abundances are fixed to the values found through spectral analysis of the
BeppoSAX WFC spectrum of GRB 990705 by Amati et al. (2000), i.e.
standard solar-system abundances for all elements except iron for which an
overabundance of Ap. = Xpe/ Xge = 75 w.r.t. the standard solar-system
iron abundance X was deduced. The material in the shell is assumed to
be neutral before the onset of the burst.

We are using the code developed in Bottcher et al. (1999) to simulate
the time-dependent photoionization and radiation transfer problem in the
CBM. The modeling is done by varying the initial column density Ny, the
radius ri,, and the density ngp.

Fig. 1 shows sample results of some of our simulations for various values
of the column density Ny, the radius r;,, and the density ng,. Plotted is
the absorption depth Tpekedge Of the iron K edge as a function of observed
time. The shaded regions indicate the measured depth of the iron line (with
1 o error) during the first four time intervals after the onset of GRB 990705.
We find that the measurements place rather tight constraints on the three
fitting values N7, rin, and ng,. Good agreement is achieved for

Ny =1.8 x 10?2 cm™2
rin = 1.3 pc

Ngh = 10° cm ™3
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These values are in good agreement with a simple analytical estimate
based on the assumption that the decay time scale of the absorption feature,
t.ps ~ 10 s corresponds to the time scale t;,,, of photoionization of the CBM
by the prompt GRB radiation, which yields

36
on q)O Ethr go

where ®¢ ~ (1.2 x 10°% /r;,[em]?) photons cm™2 s™! keV ™! is the illumi-
nating photon flux at £ = m.c?, Eyne ~ 8 keV is an average value of the
ionization threshold and oy ~ 3.5 x 1072° cm? is an average value of the
photoelectric absorption cross section at threshold for the various ionization
stages of iron. tj,, ~ 10 s is achieved for d ~ 1 pc.

This result implies that the absorber would have to contain a total mass
of Mcpm = 3652 M, where (2 is the solid angle subtended by the absorber.
The amount of iron contained in this cloud would be My, = 44 Q M. Even
if the cloud were strongly anisotropic, {2 <1, it appears very unlikely that
such an extreme mass and concentration of iron could be produced in the
context of any reasonable GRB progenitor model.

However, we find that even with this huge mass of iron, the flux of a
Fe Ko line which would be expected to result in the course of the on-going
photoionization of the CBM would remain far below detectable levels. This
is in excellent agreement with theoretical modeling of the iron lines observed
in other GRBs, which strongly favors highly anisotropic scenarios in which
the line-emitting material is located outside the line of sight from the GRB
source to the observer, e.g. a torus of dense material around an anisotropic
burst source (Ghisellini et al. 1999; Bottcher 2000), an evacuated funnel in
a beamed GRB scenario (Weth et al. 2000), or a nonrelativistic shock wave
interacting with a disk of pre-ejected material (Bottcher & Fryer 2001).
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Fig. 1: Simulated time evolution of the Fe K edge in GRB 990705
for various combinations of column density, Ny, radius, i,
and density, ngn, of the absorbing material. The shaded re-
gions show the values allowed by the measurements of Amati
et al. (2000). The curves show the model results, using the
parameters quoted in Section 3 and in the legend, where the
first number is Ny [10%2 e¢m™2], the second number is ri,
[10'8 cm/, and the third number is ng, [cm™3].
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4) Photoelectric absorption in dense clouds

In a medium of moderate density, where recombination is inefficient,
each iron atom absorbs ~ 12 ionizing photons (taking into account Auger
ionization) before being completely ionized. The amount of iron required
to reproduce the observed absorption feature in terms of photoelectric ab-
sorption could be reduced if the material is so dense that the recombination
time scale is of the order of the ionization time scale, so that each iron atom
absorbs more than ~ 12 ionizing photons.

To estimate the conditions under which this is the case, we assume that
a fraction ( of the CBM is contained in these clouds, i.e. the total mass in
the clouds is M, = (M,;, and we write M.; = m.j M. These clouds are
covering a fraction a. ~ 1 of the sky as seen from the burst source. The
radius of the clouds is r. = 10'° 1o cm, and their distance from the central
source is # = 107 217 cm. The cloudy ejecta subtend a solid angle €,
around the GRB source. Assuming that the electron density in the cloud
is dominated by free electrons from ionized hydrogen, the recombination
timescale of fully ionized hydrogen may be estimated as

—1 3 C M —1
t ~ 2.13 x 10 271 s T,

rec,Fe
’ T, $%7 710 Ce

where T} is the electron temperature in units of 10* K.

To estimate the photoionization time scale, we assume that during
the first ~ 10 s the GRB spectrum is approximately constant in flux and
spectral shape. The average spectrum of GRB 990705 during this time
interval, at the redshift of the burst, is well characterized by

photons
cm?2skeV'’

where Ej.v is the photon energy (in the GRB rest frame) in units of keV.
This results in a photoionization time scale for iron of

®(E) =4 x 1022 27 h? Byt

~1 —2; -2 —1
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Furthermore, we require that the column density of iron through the
cloud layer is Np. ~ 2.2 x 10?° ¢cm~2, as indicated by the depth of the
observed absorption feature. Finally, we assume that the decline of the
absorption depth is due to ongoing Compton heating of the electrons in
the cloud (note that the recombination rates scales as .. T3/ 1), and
estimate the Compton heating time as

—1 -2 1 —-27m7—-0.1 -1

Now, setting theat = 10 s, and fiec,Fe = tion,Fe, We find the following
physical conditions for the material in the clouds:

2~ 2x 107 by T,79% em

¢

(Cre/75) T9% a,

r. ~ 8 x 10!

ne ~ 8 x 1010 79-% cm ™3

Qs h_2 T—OAI
70 —4 M@
(CFe/75)

M ~ 3.5

Mye ~ 0.7Q, hzy Ty 0 Mg

Here, (ge is the overabundance of iron w.r.t. standard solar-system
abundances. As a consistency check, we require that the Thomson depth
through ejecta be 77 < 1 in order to avoid a very low transmission efficiency
and smearing of the millisecond variability in GRB 990705. We find

S
(CF6/75)'

T~ OT TNy ~ 4.3 % 1072
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5) Resonance Scattering by Fe XXVI
(Lazzati et al. 2001)

Lazzati et al. (2001) have recently suggested that the transient ab-
sorption feature in GRB 990705 could be due to resonant scattering by Fe
XXVI in highly ionized clumps in a high-velocity outflow from the burst
source. In order to reproduce the observed width of the absorption feature,
an outflow velocity of vy ~ 4 -10° cm s™!, and a velocity dispersion of
Av ~ vy was required in order to produce the observed energy and width
of the absorption feature (recall that resonance scattering in a stationary
medium would produce a very narrow absorption line).

Parameters inferred from the requirements that the material is highly
ionized, but a significant fraction of iron remains in the Fe XXVI state
through balance between photoionization and recombination, and that the
transient nature of the iron line is due to Compton heating of the plasma,
they infer typical CBM parameters:

v ~2.6x 10" L %em
re ~2x 1013 73 (Cre/10) cm

10 5/3 _—1 —1 -3
ne ~ 83 x 107 T, 77 (Cre /10) ™" cm

Mej ~ 61 M@

Mpe ~ 0.16 Mg

where Ls; is the burst luminosity in units of 10°! ergs s=! and the
Thomson depth through the CBM is restricted to rp < 1.
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6) Summary and Discussion

We have investigated different scenarios for the production of the tran-
sient absorption feature seen in GRB 990705. We found that an unreason-
able amount of iron in the circumburster material (CBM) would be required
if the transient nature of the absorption feature was due to photoionization,
not effectively balanced by recombination.

More plausible CBM parameters are found assuming that the absorp-
tion is photoelectric absorption in dense clouds with covering factor ~ 1
around the burst source, although rather extreme clumping (r./z ~ 4-107°)
is required.

As an alternative to photoelectric absorption, Lazzati et al. (2001) have
suggested resonant scattering by Fe XXVI in a high-velocity outflow with
large velocity dispersion. This model requires less extreme clumping than
the photoelectric-absorption scenario only if the Thomson depth through
the CBM is assumed to be mp ~ 1. Also it appears to require a rather
extreme mean outflow velocity of v ~ 0.13 ¢, which also implies a rather
huge kinetic energy in the ejecta of ~ 10°3 Q) ergs.

Both versions of the clumpy-CBM scenario seem to point towards pro-
genitor models in which the GRB is preceded by a supernova, which ejects
several solar masses of highly iron-enriched material into the environment.
If photoelectric absorption is the principal absorption mechanism, then the
delay between supernova and GRB can be estimated to At ~ several years,
while in the case of resonant scattering by Fe XXVI, Af ~ a few months.
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